and oxyntomodulin (OXM) are peptide hormones secreted postprandially from the gut that stimulate insulin secretion in a glucose-dependent manner. OXM activates both the GLP-1 receptor (GLP1R) and the glucagon receptor (GCGR). It has been suggested that OXM acutely modulates glucose metabolism solely through GLP1R agonism. Because OXM activates the GLP1R with lower affinity than GLP-1, we generated a peptide analog (Q¡E, OXMQ3E) that does not exhibit glucagon receptor agonist activity but retains the same affinity as OXM for GLP1R. We compared the effects of OXM and OXMQ3E in a glucose tolerance test and, to better characterize the effect on glucose metabolism, we performed controlled infusions of OXM or OXMQ3E during a hyperglycemic clamp performed in wild-type, Glp1r Ϫ/Ϫ , and Gcgr Ϫ/Ϫ mice. Our findings show that OXM, but not OXMQ3E, activates the GCGR in vivo. Second, OXM and OXMQ3E improve glucose tolerance following an acute glucose challenge and during a hyperglycemic clamp in mice. Finally, OXM infusion during a glucose clamp reduces the glucose infusion rate (GIR) despite a simultaneous increase in insulin levels in Glp1r Ϫ/Ϫ mice, whereas OXM and OXMQ3E increase GIR to a similar extent in Gcgr Ϫ/Ϫ mice. In conclusion, activation of the GCGR seems to partially attenuate the acute beneficial effects on glucose and contributes to the insulinotropic action of oxyntomodulin.
PEPTIDYL MIMETICS of the gut-derived incretin hormone glucagon-like peptide 1 (GLP-1) stimulate insulin biosynthesis and secretion in a glucose-dependent manner with minimal risk of hypoglycemia (8, 14) . Oxyntomodulin (OXM) is another peptide generated by posttranslational processing of the proglucagon gene in the gut and is secreted postprandially from L-cells of the jejuno-ileum (4, 7) . OXM is a weak activator of both the GLP-1 receptor (GLP1R) and glucagon receptor (GCGR) in vitro compared with GLP-1 and glucagon, respectively (3, 11, 22) . OXM reduces body weight in humans and rodents (2, 5, 6, 26, 27) and acutely improves glucose metabolism in mice (16, 20) . We (15) have previously demonstrated that chronic treatment with OXM results in superior weight lowering and comparable antihyperglycemic effect to a GLP1R-selective agonist. It has been proposed that in acute conditions OXM acts solely via GLP1R to modulate glucose homeostasis (16) . However, other acute effects of OXM, including its effect on gastric acid secretion and heart rate, appear to be independent of GLP1R (16, 25) . To overcome differences in agonist potencies and pharmacokinetics among OXM, GLP-1, and glucagon, we have generated a peptide analog (OXMQ3E) that does not exhibit glucagon receptor agonist activity in vitro but retains the same affinity as OXM for GLP1R (15) . Glucagon is known to stimulate glucose production (12) . Here, we explore whether acute administration of OXM activates the GCGR in vivo, and we compare the acute effects of OXM and OXMQ3E on glucose metabolism and insulin secretion in diet-induced obese (DIO) and lean wild-type, Glp1r Ϫ/Ϫ , and Gcgr Ϫ/Ϫ mice.
MATERIALS AND METHODS

Animals. Experiments were performed in lean and diet-induced obese (DIO) wild-type C57BL/6 mice and lean Glp1r
Ϫ/Ϫ (23) or Gcgr Ϫ/Ϫ (10), and age-and sex-matched littermate C57BL/6 control mice. Mice were housed in Tecniplast cages in a conventional Specific pathogen-free facility. All mice were bred at and obtained from Taconic Farms (Germantown, NY) and were maintained on either standard chow (Teklad 7012: 13.4% kcal from fat; Harlan Teklad, Madison, WI) or a high-fat diet (D12492: 60% kcal from fat; Research Diets, New Brunswick, NJ) with ad libitum access to water on a 12:12-h light-dark cycle. Animal protocols used in these studies were approved by the Merck Research Laboratories Institutional Animal Care and Use Committee in Rahway, NJ.
Peptides. OXM and OXMQ3E were synthesized and purified by GL Biochem Shanghai.
Murine GLP1R and GCGR potency. In vitro agonist potencies of peptides were determined in Chinese hamster ovary (CHO) cells stably expressing murine GLP1R or murine GCGR, using the Cisbio cAMP Dynamic 2 assay as described (15) .
Single-dose studies in mice. Weight-matched (ϳ25 g) wild-type (n ϭ 21), Glp1r Ϫ/Ϫ (n ϭ 21), and Gcgr Ϫ/Ϫ (n ϭ 18) mice were injected (subcutaneously) with vehicle, OXM (1.1 mol/kg), or OXMQ3E (1.1 mol/kg). Food was removed, and 4.5 h later mice were anesthetized with isofluorane, and blood was collected by cardiocentesis into EDTA-coated microtainer tubes containing dipeptidyl peptidase 4 (DPP-4) inhibitor (Linco/Millipore, Billerica, MA) and aprotinin (Sigma, St. Louis, MO) and stored at Ϫ80°C for subsequent plasma analysis.
Intraperitoneal glucose tolerance test. Ninety-six male C57BL/6N mice were distributed by weight (ϳ25 g) into treatment groups (n ϭ 6/group). On the morning of study, food was removed, and mice were injected with vehicle (sterile water), OXM, or OXMQ3E at 2.3, 6.7, 22.5, 67, 225, or 674 nmol/kg sc 10 min prior to glucose challenge. Blood glucose concentrations were determined by tail vein sampling at t ϭ Ϫ10 min and t ϭ 0 min (baseline). Mice were then immediately challenged with D-glucose (IPGTT; 2 g/kg body wt ip, Sigma). One group of vehicle-treated mice was challenged with 0.9% saline as a negative control. Blood glucose levels were determined from tail bleeds taken at 20, 40, and 60 min after D-glucose challenge. The blood glucose excursion profile from t ϭ 0 to t ϭ 60 min was used to integrate the area under the curve (AUC) for each treatment. Percent inhibition values for each treatment were generated from the AUC data normalized to the saline-challenged controls.
Hyperglycemic clamp study in DIO mice. Nineteen DIO C57BL/6N male mice were anesthetized with xylazine and ketamine and catheterized at the right internal jugular vein 5 days before the in vivo studies. The venous catheter was used for infusion, and blood samples were collected from the tail vein. Each animal was monitored for food intake and weight gain after surgery to ensure complete recovery. Hyperglycemic clamps were performed in conscious, unrestrained, catheterized mice. Dextrose (25% D-glucose, Sigma) was infused intravenously and adjusted periodically to clamp the plasma glucose levels at ϳ16 mmol/l. Blood glucose was measured every 10 min during the 120-min study period (baseline Ϫ60/0 min: all animals received vehicle and glucose infusion to maintain similar hyperglycemic levels). In the last 60 min of the study (treatment, 0/60 min), OXM (3.5 nmol·kg Ϫ1 ·min Ϫ1 ), OXMQ3E (3.5 nmol·kg Ϫ1 ·min Ϫ1 ), or vehicle (sterile saline) was infused. The glucose infusion rate (GIR) was normalized for body weight. At the end of the study, blood (200 L) was collected by cardiocentesis into EDTA-coated microtainer tubes containing DPP-4 inhibitor and aprotinin. Plasma was obtained by centrifugation at 4°C and stored at Ϫ80°C.
Plasma collections in DIO mice during vehicle, OXM, and OXMQ3E infusion. A hyperglycemic clamp replicating the previous experimental design was performed for blood collection. Fifty-two DIO C57BL/6N male mice were killed at 0, 5, 10, 30, and 60 min (4/group) following the infusion of sterile saline, OXM (3.5 nmol·kg Ϫ1 ·min Ϫ1 ), or OXMQ3E (3.5 nmol·kg Ϫ1 ·min Ϫ1 ). Blood (200 l) was collected by cardiocentesis into EDTA-coated microtainer tubes containing DPP-4 inhibitor and aprotinin. Plasma was obtained by centrifugation at 4°C and stored at Ϫ80°C for subsequent analysis.
Hyperglycemic clamp study in wild-type and Glp1r Ϫ/Ϫ mice. Twenty-one wild-type, 21 weight-matched Glp1r Ϫ/Ϫ , and 15 Gcgr Ϫ/Ϫ male mice (27-29 g) underwent the protocol described above. Blood glucose was measured every 10 min during the 60-min study period (treatment 0/60 min). OXM (3.5 nmol·kg Ϫ1 ·min Ϫ1 ), OXMQ3E (3.5 nmol·kg Ϫ1 ·min Ϫ1 ), or vehicle (sterile saline) was infused. At the end of the study, mice were anesthetized with isofluorane, and blood (200 l) was collected as described above. Plasma was obtained by centrifugation at 4°C and stored at Ϫ80°C.
Biochemical analyses. Insulin was measured by ELISA (Linco/ Millipore). Plasma free fatty acids (FFA) and ketone bodies were measured using commercially available enzyme-coupled spectrophotometric assays (Wako Chemicals, Richmond, VA). Blood glucose levels were measured using a OneTouch glucometer (LifeScan, Milpitas, CA).
Statistical analysis. All data are presented as means Ϯ SE. Comparisons among groups were made using ANOVA or unpaired Student's t-test, as appropriate. P Ͻ 0.05 was regarded as statistically significant.
RESULTS
Acute administration of OXM activates GCGR in vivo.
We previously identified an OXM analog, OXMQ3E, which retains equivalent GLP1R agonism, has no significant GCGR agonist activity in vitro, and yet differs from native OXM by only one residue (Q 3 ¡E, OXMQ3E) ( Fig. 1 , A-C) (15) . This peptide facilitates the investigation of the mechanistic effects of native OXM on glucose metabolism in mice. Glucagon stimulates hepatic ketogenesis (17) . To demonstrate that acute administration of OXM activates the GCGR, we investigated whether OXM stimulates ketogenesis and whether this is mechanism based by using Gcgr Ϫ/Ϫ mice. Acute treatment with OXM (1.1 mol/kg) significantly increased plasma ␤-hydroxybutyrate (␤-HBA) in wild-type mice, whereas OXMQ3E (1.1 mol/kg) did not change the plasma levels of ␤-HBA (3.1 Ϯ 0.2 vs. 5.2 Ϯ 0.8 vs. 2.8 Ϯ 0.6 mg/dl, vehicle vs. OXM vs. OXMQ3E, P Ͻ 0.05; Fig. 2A ). These data suggest that the elevation of plasma ␤-HBA is driven by activation of the GCGR by OXM in vivo. To demonstrate that the elevation of ␤-HBA is mediated by activation of the GCGR, Glp1r Ϫ/Ϫ and Gcgr Ϫ/Ϫ mice were treated with vehicle, OXM, or OXMQ3E using the protocol described above. OXM increased ␤-HBA in IPGTT in lean mice. To compare the ability of OXM and OXMQ3E to lower blood glucose excursions during an IPGTT, the peptides were injected subcutaneously in lean mice (ϳ25 g) 10 min prior to a dextrose challenge. OXM and OXMQ3E dose-dependently lowered blood glucose levels post-challenge, as evidenced by a reduction of the AUC of glucose concentrations (AUC glucose : OXM, 674 nmol/kg: Fig. 1 . In vitro agonist potencies of oxyntomodulin (OXM) and OXMQ3E at glucagon-like peptide-1 receptor (GLP1R) and glucagon receptor (GCGR). A: by mutation of the 3rd residue of OXM from the neutral glutamine (Q) to the acidic residue glutamate (E). B: we obtained a peptide analog (OXMQ3E) that does not exhibit GCGR agonist activity but retains similar affinity for GLP1R (C). R, peptide; m, murine. Fig. 3, B and D) . OXM completely suppressed glucose excursion at 225 nmol/kg (126% inhibition of glucose AUC 0 -60 min; Fig. 3C ), while similar efficacy was achieved with OXMQ3E at 22.5 nmol/kg (127% inhibition glucose AUC 0 -60 min ; Fig. 3D ).
Hyperglycemic clamp in DIO mice. To explore the effect of OXM on glucose tolerance and further characterize the kinetics of the effects of OXM and OXMQ3E on glucose metabolism, we performed hyperglycemic clamps in DIO mice (Fig. 4, A  and B) . During the first 60 min of the clamp (Baseline), all animals were infused with vehicle and exogenous glucose to maintain steady-state hyperglycemic levels (ϳ16 mmol/l; Fig.  4C ). Vehicle, OXM, or OXMQ3E was infused intravenously in the last 60 min of the study (Treatment). Body weight, blood glucose, insulin, and FFA concentrations across groups are reported in Table 1 . No significant differences in blood glucose, insulin, and FFA levels were observed in mice infused with vehicle during the baseline period of the hyperglycemic clamp (t ϭ Ϫ60/0 min). At the end of the clamp, plasma insulin was significantly higher, whereas plasma FFA were decreased in OXM-and OXMQ3E-treated mice compared with the vehicle group (Table 1) . In animals treated with OXM, a rapid and robust increase in GIR was required to maintain hyperglycemia compared with baseline and vehicle-treated mice [GIR 0/60 min (average GIR for the 60 min period): 41.8 Ϯ 7.7 vs. 7.0 Ϯ 3.0 vs. 5.8 Ϯ 2.9 mg·kg Ϫ1 ·min Ϫ1 , P Ͻ 0.05, OXM vs. vehicle vs. baseline; Fig. 4D ]. Treatment with OXMQ3E also increased the GIR necessary to maintain hyperglycemia (GIR 0/60 min : 61.2 Ϯ 10.1 vs. 5.9 Ϯ 3.7 vs. 5.8 Ϯ 2.9 mg·kg
, OXMQ3E vs. vehicle vs. baseline, P Ͻ 0.05; Fig. 4D ). No significant differences were observed for GIR in the vehicle-infused mice during the experiment (GIR -60/0 min : 6.4 Ϯ 3.2 vs. GIR 0/60 min : 5.8 Ϯ 2.9 mg·kg Ϫ1 ·min Ϫ1 , P ϭ NS; Fig.  4D ). The GIR was ϳ38% higher in the OXMQ3E-treated group relative to OXM treatment (P Ͻ 0.05), and for the latter, the glucose-lowering effect was delayed by ϳ10 min relative to the OXMQ3E treatment. To assess the insulinotropic effect of OXM and OXMQ3E before and during glucose infusion, a separate hyperglycemic clamp was performed in DIO mice by using the same protocol described in the previous paragraph. In the presence of steady-state hyperglycemic conditions (ϳ16 Fig. 3 . Intraperitoneal glucose tolerance test in lean mice. Subcutaneous administration of OXM (A) and OXMQ3E (B) dose-dependently lowered glucose excursion during an IPGTT performed in lean mice. C: OXM completely suppressed excursion of glucose at 225 nmol/kg (thus reducing the response to the excursion profile observed in saline-challenged control). D: OXMQ3E completely suppressed glucose excursion at 22.5 nmol/kg. trt., sc treatment with peptide. *P Ͻ 0.05 vs. vehicle (veh). mmol/l), both treatments increased insulin levels above the levels achieved in control (vehicle) animals at 5 min (vehicle: 8.4 Ϯ 0.4 ng/ml) and 10 min (vehicle: 7.6 Ϯ 0.6 ng/ml) after the start of the treatment (Fig. 5) . The augmentation of insulin secretion was significantly higher in OXM-than in OXMQ3E-treated mice at 5 min (5 min: 12.8 Ϯ 1.1 vs. 9.6 Ϯ 0.5 ng/ml, OXM vs. OXMQ3E, P Ͻ 0.05) but not at 10 min. Thirty and sixty minutes after the beginning of the infusion, the insulin levels in OXM-treated mice declined to the levels measured in OXMQ3E-and vehicle-treated mice (P ϭ NS; Fig. 5 ).
Hyperglycemic clamp in wild-type, Glp1r Ϫ/Ϫ , and Gcgr Ϫ/Ϫ mice. To further characterize the pathways involved in the effect of OXM on glucose metabolism, we performed a hyperglycemic clamp study (ϳ16 mmol/l; Fig. 6 ) in lean Glp1r Ϫ/Ϫ , Gcgr Ϫ/Ϫ , and weight-matched (ϳ28 g) wild-type mice infused with vehicle, OXM, or OXMQ3E for 60 min. Body weight, blood glucose, insulin, and FFA concentrations across groups at the end of the hyperglycemic clamp are reported in Table 2 . No significant differences in blood glucose and FFA levels were observed in wild-type, Glp1r
, and Gcgr Ϫ/Ϫ mice infused with vehicle, OXM, or OXMQ3E. Plasma insulin was significantly higher in wild-type OXM-treated mice compared with the OXMQ3E-and vehicle-treated groups (Table 2) .
Glp1r
Ϫ/Ϫ mice are glucose intolerant and show impaired insulin secretion (1, 23) . Consistently, the integrated GIR required to maintain the hyperglycemia was significantly lower in Glp1r Ϫ/Ϫ mice than in wild-type lean controls infused with vehicle (GIR 0/60 min : 13.1 Ϯ 2.9 vs. 17.2 Ϯ 2.9, P Ͻ 0.05; Fig.  6, D and B) . OXM infusion initially lowered the GIR required to maintain the hyperglycemic levels in Glp1r Ϫ/Ϫ vs. wild-type mice (GIR 0 -60 min : 8.5 Ϯ 1.9 vs. 54.0 Ϯ 7.8, P Ͻ 0.05; Fig. 6,  D and B) , suggesting deterioration of insulin sensitivity. OXMQ3E increased the GIR in wild-type mice (GIR 0/60 min : 76.5 Ϯ 5.5 vs. 17.2 Ϯ 2.9, OXMQ3E vs. vehicle; P Ͻ 0.05; Fig. 6B ). No significant differences were observed between OXMQ3E-and vehicle-infused mice in Glp1r Ϫ/Ϫ mice, confirming the GLP1R-selective nature of OXMQ3E in vivo (GIR 0/60 min : 13.6 Ϯ 2.2 vs. 13.1 Ϯ 2.9, P ϭ NS, Fig. 6D ). Gcgr Ϫ/Ϫ mice exhibit improved glucose tolerance and reduced blood glucose levels in the presence of normal plasma insulin levels. In contrast, plasma glucagon and GLP-1 levels are increased (10) . Consistent with the reported improved glucose tolerance, the exogenous infusion of glucose required to maintain the hyperglycemic levels was higher in Gcgr Ϫ/Ϫ mice than in wild-type animals infused with vehicle (GIR 0/60 min : 23.4 Ϯ 2.1 vs. 17.2 Ϯ 2.9, P Ͻ 0.05; Fig. 6, F and B) despite the lower insulin levels measured at the end of the study in Gcgr Ϫ/Ϫ mice ( Table 2) . Treatment of Gcgr Ϫ/Ϫ mice with OXM and OXMQ3E resulted in a comparable increase in GIR (GIR 0/60 min : Fig. 4 . Hyperglycemic clamp study in diet-induced obese (DIO) mice. A: DIO mice, 16 wk on high-fat diet, were catheterized through the right internal jugular vein 5 days before the experiment. B: 25% glucose was infused and adjusted for the duration of the experiment to maintain hyperglycemia (ϳ16 mmol/l). Vehicle, OXM, or OXMQ3E were infused intravenously during the last 60 min (0/60 min) of study. C: blood glucose levels during clamp. D: glucose infusion rate (GIR) required to maintain hyperglycemic levels during vehicle, OXM, or OXMQ3E infusion. *P Ͻ 0.05 vs. vehicle;^P Ͻ 0.05 OXM vs. OXMQ3E. Fig. 6F) . Notably, the increase in GIR in Gcgr Ϫ/Ϫ mice treated with OXM and OXMQ3E was higher than the GIR increase induced by OXMQ3E in wild-type mice (GIR 0/60 min : 76.5 Ϯ 2.9, P Ͻ 0.05; Fig. 6B ).
DISCUSSION
OXM, a longer isoform of glucagon that is cosecreted together with GLP-1 from L-cells in the gut, is a dual GLP1R/ GCGR agonist (15) . OXM reduces body weight in humans and rodents (2, 6, 27) and acutely improves glucose metabolism in mice (16, 20) . We (15) recently demonstrated in rodents that the chronic body weight-lowering effects of OXM involve activation of both GLP1R and GCGR. The precise receptor and signaling pathways transducing the glucoregulatory actions of OXM remain uncertain. Maida et al. (16) suggested that the acute effect of OXM on glucose is mediated solely through a GLP1R-dependent pathway. However, OXM was reported to increase hepatic glucose production and ameliorate glucose intolerance during a euglycemic-hyperinsulinemic clamp performed in DIO mice, suggesting activation of the hepatic glucagon receptor and/or activation of unidentified receptor(s) for OXM (20) . Here, for the first time, we compared the effect of OXM (GLP1R/GCGR dual agonist) and a selective GLP-1 agonist (OXMQ3E) on glucose metabolism and in vivo insulin secretion using peptides matched for functional potency at the GLP1R and pharmacokinetics. We observed that acute injection of native OXM, but not OXMQ3E, increased ketogenesis, suggesting acute in vivo activation of the GCGR. This effect was then reproduced with OXM in Glp1r Ϫ/Ϫ but not in Gcgr Ϫ/Ϫ mice, demonstrating that the increased ketogenesis is due to activation of the hepatic GCGR in vivo. Consistent with previous data reported by Maida et al. (16) , acute injection of OXM improved glucose excursion during a glucose tolerance test performed in mice. However, we demonstrated that a matched-pair peptide without GCGR activity in vitro and in vivo exerted better glucose lowering at equimolar doses during an IPGTT performed in lean mice. We then controlled the glucose levels and the infusion rate of OXM and OXMQ3E in DIO mice during a hyperglycemic clamp. Confirming previous observations (20) , OXM improved glucose tolerance in DIO mice as denoted by the increased GIR required in animals treated with OXM compared with vehicle-infused mice. The important observation in this study is that the matched GLP1R-selective peptide OXMQ3E improved glucose tolerance at lower doses than OXM, suggesting that activation of the GCGR may reduce the acute glucose-lowering efficacy of OXM. Finally, hyperglycemic clamps confirmed the decreased improvement in glucose tolerance in wild-type mice treated with OXM vs. wild-type mice treated with OXMQ3E and showed decreased insulin sensitivity in OXM-treated Glp1r Ϫ/Ϫ mice compared with vehicle-treated animals. These data suggest thatm in the absence of a functional GLP-1 receptor, controlled and matched infusions of OXM results in reduction in glucose tolerance, as shown by the reduced exogenous glucose required to maintain hyperglycemia compared with vehicle-infused Glp1r Ϫ/Ϫ mice. The neutral effect observed following a single intraperitoneal injection of OXM during an OGTT performed in Glp1r Ϫ/Ϫ mice (16) may be explained by the fact that OXM has a short half-life in vivo and is a known substrate of DPP-4 (13, 19, 28) . In addition, Glp1r Ϫ/Ϫ mice are glucose intolerant and resistant to diet-induced obesity; hence, the acute glucoregulatory effect of OXM could be confounded by compensatory mechanisms associated with chronic deletion of the GLP1R. Another interesting finding of our study was the initial increase of insulin levels observed during infusion of OXM in Glp1r Ϫ/Ϫ mice. This elevation in the presence of tightly controlled hyperglycemic conditions cannot be explained by an indirect effect of glucose on the pancreas. The GCGR is expressed on rodent ␤-cells (18) . It is possible that the stimulation of insulin secretion is the result of a direct effect of glucagon on the ␤-cells and/or activation of unidentified receptor(s) for OXM. Supporting a potential direct effect of glucagon on the ␤-cells, it has been shown that the glucose-dependent insulin secretion observed in isolated murine islets following incubation of OXM was significantly reduced but not completely abolished in the presence of the GLP1R antagonist exendin(9 -39) (16) . Further studies will be required to address the contribution of the insulinotropic action of glucagon on ␤-cells. Activation of GLP1R by glucagon [EC 50 ϳ0.5 nM (22)] may confuse the interpretation of results obtained in isolated wild-type islets. To further strengthen our data, hyperglycemic clamps performed in Gcgr Ϫ/Ϫ mice confirmed that the different GIR observed between OXM and OXMQ3E in wild-type mice is abolished in the absence of a functional GCGR. Interestingly, the effect of OXM and OXMQ3E on GIR was comparable in Gcgr Ϫ/Ϫ mice but the exogenous glucose required to maintain the hyperglycemic levels was significantly higher than in wild type mice treated with OXMQ3E. These data suggest that under our experimental conditions, the reported increase in insulin sensitivity overrides the altered ␤-cell function of Gcgr Ϫ/Ϫ mice (24) . A potential limitation in the interpretation of the present study is that deletion of a select gene in islets from knockout models can change the expression of other genes in the same family (9, 21) . In our study, controlling the infusion and matching the exposures of OXM and OXMQ3E and the activation of the GLP1R, we demonstrated that OXM improves glucose metabolism despite the simultaneous activation of the GLP1R and GCGR in vivo. The glucose-lowering effect of OXM is mostly mediated by GLP1R activation, and activation of the GCGR appears to limit the acute antihyperglycemic efficacy of OXM while contributing to the insulinotropic properties of OXM. 
